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ABSTRACT
Context. The benchmark exoplanet GJ 1214b is one of the best studied transiting planets in the transition zone between
rocky Earth-sized planets and gas or ice giants. This class of super-Earth/mini-Neptune planets is unknown in our Solar
System, yet is one of the most frequently detected classes of exoplanets. Understanding the transition from rocky to
gaseous planets is a crucial step in the exploration of extrasolar planetary systems, in particular with regard to the
potential habitability of this class of planets.
Aims. GJ 1214b has already been studied in detail from various platforms at many different wavelengths. Our airborne
observations with SOFIA add information in the Paschen-α cont. 1.9µm infrared wavelength band, which is not
accessible by any other current ground- or space-based instrument due to telluric absorption or limited spectral coverage.
Methods.We used FLIPO and FPI+ on SOFIA to comprehensively analyse the transmission signal of the possible water-
world GJ 1214b through photometric observations during transit in three optical and one infrared channels.
Results. We present four simultaneous light curves and corresponding transit depths in three optical and one infrared
channel, which we compare to previous observations and state-of-the-art synthetic atmospheric models of GJ 1214b.
The final precision in transit depth is between 1.5 and 2.5 times the theoretical photon noise limit, not sensitive enough
to constrain the theoretical models any better than previous observations. This is the first exoplanet observation with
SOFIA that uses its full set of instruments available to exoplanet spectrophotometry. Therefore we use these results to
evaluate SOFIAs potential in this field and suggest future improvements.
Key words. Planets and satellites: individual: GJ 1214b – Planets and satellites: atmospheres – Techniques: photometric
– Methods: observational – Methods: data analysis – Stars: activity
1. Introduction
1.1. GJ 1214b
Since the detection of the transiting Super-Earth GJ 1214b
its true nature has been the subject of great interest and is
still strongly debated. Discovered within the MEarth pro-
gram (Nutzman & Charbonneau 2008) by Charbonneau
⋆ deceased, January 16, 2017
et al. (2009) GJ 1214b has a radius only 2.7 times larger,
while its mass is 6.5 times that of Earth. It transits a
nearby (12.95 ± 0.9 pc) M4.5V star with an orbital pe-
riod of 1.5804 days and has a semi-major axis of 0.0197
AU (Harpsøe et al. 2013). This results in a planet-to-star
flux ratio comparable to that of a Jupiter-sized planet or-
biting the Sun, which makes it one of the few super-Earth
atmospheres that can currently be investigated with tran-
sit spectroscopy. Previous mass and radius measurements
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of GJ 1214b can be explained by various interior struc-
ture and composition models, e.g. with large or small wa-
ter inventories, depending on the assumptions made for
the planetary atmosphere (as e.g. described by Rogers &
Seager (2010); Nettelmann et al. (2011)). Differentiating
between the various water or hydrogen-dominated atmo-
spheres could help distinguish between these interior and
composition scenarios and would help set constraints on
the formation history of this planet, which has no coun-
terpart in the Solar System. This degeneracy can be bro-
ken, and the composition of the planetary atmosphere con-
strained, by observing transmission spectra of planet’s at-
mosphere. Such measurements have been performed for GJ
1214b by several groups using either space telescopes such
as the HST (Berta et al. 2011; Kreidberg et al. 2014) and
Spitzer (De´sert et al. 2011; Fraine et al. 2013) or ground-
based facilities such as VLT (Bean et al. 2010, 2011), CFHT
(Croll et al. 2011), GTC (Murgas et al. 2012; Wilson et al.
2014), IRSF (Narita et al. 2013b), and LBT (Nascimbeni
et al. 2015). First observations suggest a flat transmission
spectrum at short wavelengths for GJ 1214b (Bean et al.
2010), which is consistent with an atmosphere composed of
at least 70% H2O by volume. An alternative interpretation
of the data is that GJ 1214b’s atmosphere is hydrogen dom-
inated. In this case high-altitude clouds or hazes diminish
molecular absorption features at short wavelengths more ef-
fectively than at longer wavelengths, whereas a water-rich
atmosphere would produce a flat spectrum across all wave-
lengths. Some measurements support the featureless spec-
trum (Crossfield et al. (2011), Keck-NIRSPEC; De´sert et al.
(2011), Spitzer-IRAC) whereas other observations indicate
large features around the g-band and the K-band which
would imply a H2-rich atmosphere (Croll et al. (2011),
CFHT-WIRCam; de Mooij et al. (2012), INT-WFC/ESO-
GROND/NOTCam/WHT-LIRIS; de Mooij et al. (2013),
VLT-FORS/WHT-ACAM/INT-WFC; Teske et al. (2013),
Kuiper 1.55 m telescope/STELLA-WiFSIP).
The emerging class of super-Earths/mini-Neptunes are
likely to be common in the Galaxy (e.g. Marcy et al.
2014). Furthermore, these planets represent an important
stepping-stone in the data-driven pathway towards char-
acterising Earth-like exoplanets. GJ 1214b has been the
subject of many atmosphere modeling studies, focusing on
e.g. the impacts of clouds or chemistry on the spectral ap-
pearance and characterisation of the planet (Miller-Ricci
& Fortney 2010; Miller-Ricci Kempton et al. 2012; Howe &
Burrows 2012;Menou 2012; Benneke & Seager 2013;Morley
et al. 2013; Hu & Seager 2014). Detailed studies consider-
ing the formation of clouds and atmospheric dynamics that
aim to investigate the formation and nature of clouds and
hazes in the atmosphere of GJ 1214b include, for example,
Morley et al. (2015) or Charnay et al. (2015).
In order to distinguish between a water-dominated
atmosphere (larger mean molecular weight/smaller scale
height) and a hydrogen-dominated atmosphere (smaller
mean molecular weight/larger scale height), we performed
a SOFIA primary transit observation of GJ 1214b. This
transit observation specifically targeted the water band
around 1.85µm using FLITECAM’s extremely narrow-
band Paschen-α cont. filter centered at 1.90µm (designed
to target the Paschen-α continuum). This wavelength is
especially interesting since different results have been ob-
served in the K-band around 2.2µm and our ’Paschen-α
cont.’ data point adds another important adjacent data
point close to the K-band.
1.2. Observing exoplanets with SOFIA
The measurement close to the 1.85µm water band is
only possible with SOFIA: telluric absorption almost
completely shuts down this band between H and K from
ground-based observatories and available space-based tele-
scopes do not cover that wavelength regime. Furthermore,
SOFIA provides the only platform for simultaneous optical
and infrared observations that are inaccessible from the
ground. When conducted from ground-based platforms,
spectrophotometric exoplanet observations are significantly
affected by the perturbing variations of trace gases, in
particular H2O, in the Earth’s atmosphere. It was theo-
rised that the airborne platform SOFIA had some unique
advantages for this kind of exoplanet research (Dunham
et al. 2007; Gehrz et al. 2010; Angerhausen et al. 2010,
2014; Cowan et al. 2015). SOFIA’s cycle 1 observation
of HD 189733b, then demonstrated that SOFIA can
overcome the hurdle of changing atmospheric absorption
in the optical in absolute photometry without the use
of field stars; Angerhausen et al. (2015) demonstrated a
precision of ∼150 ppm in absolute optical photometry of
HD 189733b. SOFIA can leverage bright host stars to the
fullest and is therefore not limited in S/N by much fainter
comparison stars that need to be used from the ground.
In the following sections we briefly introduce the in-
struments on SOFIA that can be used for exoplanet spec-
trophotometry.
1.2.1. HIPO
The High Speed Imaging Photometer for Occultations
(HIPO) is a Special Purpose Principal Investigator class
Science Instrument (SSI, Dunham et al. (2004, 2014)).
HIPO is designed to provide simultaneous high-speed time
resolved imaging photometry at two optical wavelengths.
The HIPO field of view (FoV) is a 5.6’ square, the 8’ diag-
onal of which corresponds to the 8’ diameter SOFIA field
of view. The filter set includes the Johnson (UBVRI) and
Sloan (u’g’r’i’z’) filters as well as a filter for methane at 890
nm.
1.2.2. FLITECAM
The First Light Infrared TEst CAMera (FLITECAM) is a
near-infrared imager and grism spectrograph covering the
∼ 1−5µm range (McLean et al. 2006; Logsdon et al. 2014).
The full set of available FLITECAM filter pass-bands are
listed online in the FLITECAM chapter of the SOFIA
Observers Handbook. FLITECAM was co-mounted with
the HIPO instrument during these observations, a config-
uration that precluded observations at wavelengths longer
than ∼ 4 µm, and reduced the sensitivity at wavelengths
longer than ∼ 2 µm, due to high background levels resulting
from the warm dichroic and transfer optics.
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1.2.3. FPI+
On SOFIA the light passes through the telescope’s dichroic
tertiary mirror (25% and 45% reflectivity for the B and z’
bandpasses) to the Focal Plane Imager (FPI+, Pfu¨ller et al.
(2016)). The FPI+ contains a highly sensitive and fast EM-
CCD camera. Its images are primarily used for tracking
but can also be stored without disrupting the tracking pro-
cess and in parallel with measurements of the instruments
mounted to the telescope. With the released call for propos-
als for the SOFIA observing cycle 4 (2015), the FPI+ was
made available for proposals as a facility science instrument
for observations in 2016 and thereafter.
2. Observation
This joint US-German Cycle 2 GI program (US-proposal:
Angerhausen (2013); German-proposal: Dreyer (2013)) was
performed on SOFIAs flight number 149 on UT February
27, 2014.
We observed the transit of the exoplanet GJ 1214b us-
ing the photometry mode of FLITECAM and HIPO in the
‘FLIPO’ configuration in order to perform differential aper-
ture photometry of the target and a bright comparison star
(see Table 1 and Figure 1). GJ 1214b was monitored during
one 52 min transit plus ca. 70 min before and 10 min after
transit for a total of 150 min (including some additional
time for setups and calibrations). Observations were simul-
taneously conducted in two optical HIPO channels: open
blue at 0.3−0.6µm and Sloan z’ at 0.9µm and one infrared
FLITECAM filter: Paschen-α cont. at 1.9µm. The individ-
ual exposure time for all HIPO and FLITECAM frames
was 25 sec. Complementary data were also obtained with
the optical focal plane guiding camera FPI+ in the Sloan
i’ band (0, 8µm) with mostly 2.5 sec (but some with 3 sec)
exposure time, as it was used for both tracking and data
acquisition purposes. The change from 3 sec to 2.5 sec in-
tegrations was triggered by an increasing photon count at
higher elevations. We chose to take shorter exposures to
avoid saturation. We used an open filter for the HIPO blue
side in order to cope with the faintness of GJ 1214 at blue
wavelengths. This bandpass is defined by the transmission
of the atmosphere, telescope, HIPO blue side optics, and
the reflection curve of the internal HIPO dichroic reflector
with a transition wavelength of 675 nm. The HIPO red fil-
ter was selected to avoid possible telluric ozone variability,
while the FLITECAM filter was chosen due to its wave-
length coverage of a prominent H2O spectral feature that
cannot be sampled from ground-based observatories. The
filter selected for the FPI+ was an intermediate wavelength
between the HIPO channels that is somewhat ozone sensi-
tive. This provided the potential for detecting and removing
residual telluric ozone-related systematics from the HIPO z’
filter. For this observation the FPI+ acquired images with
a Sloan i’ filter to complement the HIPO blue channel and
Sloan z’ filter. The Sloan i’ filter has a central wavelength of
760 nm with a pass band between 694 nm and 843 nm. The
average throughput with this filter is 24.4% taking into ac-
count a simulated atmosphere at flight altitude, the reflec-
tivity and transmittance of all optical elements in the light
path through the telescope and the CCD sensor quantum
efficiency. In addition to the acquisition of science data, the
FPI+ was simultaneously used as a tracking camera to keep
the telescope precisely pointed at the target. The tracking
accuracy, as measured with the FPI+, was 0.17 arcseconds
rms. Full frame images (1024× 1024 pixel) were taken with
a 2× 2 pixel binning which resulted in a spatial resolution
of 1.03 arcseconds per pixel and a square field of view of
8.8 arcminutes. The image integration time was set to 2.5
seconds to achieve maximum pixel values at about 65% full
well capacity of the sensor. The HIPO instrument was op-
erated in Basic Occultation mode with full-frame read-out
to maximize our field standard possibilities. We used sim-
ple stare mode to minimize the contribution of systematic
errors. In addition, slight defocussing was applied in order
to minimize the potential instability problems with tele-
scope guiding and to increase the S/N ratio. Bias and all
other frames were taken at 512 × 512. Table 2 gives an
overview of the final data set.
Due to flight planning constraints, the end of the transit
occurred in morning twilight and in the last ∼15 minutes
the sky brightness gradually increased to about 3.5 times
its night-time values.
In Section 3.3.2 we describe how we correct for the
changing observational parameters in general via a prin-
cipal component analysis method, in Section 3.3.3 we de-
scribe how we had to correct for the twilight contribution
to the HIPO blue channel.
Fig. 1. SOFIAs 8′ × 8′ FPI+ field of view showing our target
GJ 1214 and reference stars
Table 1. GJ1214 and reference stars in SOFIAs FPI+ field of
view
Star 2MASS K dist
mag (arcmin)
GJ 1214 J17151894+0457496 8.782 0
Ref. star 1 J17152424+0455041 8.831 3.05
Ref. star 2 J17151760+0455021 10.318 2.81
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Table 2. Observation Summary
HIPO FPI+ FLITECAM
HIPO-blue HIPO-red
observation time [UTC] 2014-02-27, 10:00:55 – 13:43:33
pass-band∗ open blue SDSS z’ SDSS i’ Pa α cont.
λeff [µm]
∗ 0.3-0.7 0.89 0.76 1.90
band-width [µm]∗ 0.4 0.23 0.15 0.02
exposure time [sec] 25 25 2.5/3 25
No. of frames 459 448 4786 (2882/1904) 433
image [px] 512 x 512 512 x 512 1024 x 1024
dark [px] 512 x 512 512 x 512 –
flat [px] 512 x 512 512 x 512 –
bias [px] 512 x 512 1024 x 1024 –
Notes. ∗taken from Sofia Observer’s Handbook for Cycle 2: v2.1.2
3. Data reduction and analysis
3.1. Light curve extraction
Standard data reduction was applied to the data taken with
HIPO (red and blue) and FPI+. This includes bias and dark
subtraction, and in the case of FPI+ also flat field correc-
tion. For FLITECAM we did not acquire bias frames, as
bias contributions are generally very low for this type of
NIR detector array. Furthermore it is complicated and time
consuming to obtain a reliable flat field on such a narrow
band filter as the 1.9 µm Paschen-α continuum filter. Since
it was not possible to take long enough exposures during
this campaign, we used K-band flat fields taken on the same
flight before our observation run, which, however, did not
improve the photometric precision significantly. Similarly,
dark subtraction did not show any improvement in pho-
tometric precision. Additionally we corrected for the sky
background using dithered images taken during the obser-
vation run. Stars were detected with the Source Extractor
by Bertin & Arnouts (1996). Aperture photometry was
applied using IRAF (Tody 1993) / DAOPHOT (Stetson
1987) using circular apertures. The optimal aperture ra-
dius with the lowest noise level was found to be 6 pixels
for FLITECAM and 12 pixel for HIPO and FPI+. As part
of the DAOPHOT routine, an annulus around the target
was used to estimate the sky background in each expo-
sure. Next to GJ 1214, we extracted the light curves of two
additional bright stars within our field of view (see Table
1 and Figure 1). To identify stars in the images we cal-
culated a rough astrometric solution for each image using
data provided by Astrometry.net (Barron et al. 2008). In
the FLIPO setup SOFIA does not provide an image rota-
tor to compensate field rotation during long integrations.
This introduces a rotation of the images over time. Due to
SOFIA’s unique setup, the telescope must periodically un-
dergo so-called ‘Line-of-Sight (LOS) rewinds’. The required
frequency of LOS rewinds depends on rate of field rotation
experienced by the target, which is a complex function of
the position of the target in the sky relative to that of the
aircraft heading. These need to be carefully timed with re-
gard to the transit observation, to not interfere with, e.g.,
ingress or egress. While we kept the target star, GJ1214,
in boresight, the comparison stars moved over the CCD
due to this field rotation. This is one of the main factors
introducing systematic noise and limiting the photometric
precision of the instrument and is another reason why reli-
able flat fields are crucial for this kind of time series obser-
vation. After comparing the light curves, the brighter star
was selected as comparison star to correct for first order
systematic effects present in all light curves.
3.2. Observational parameters in the airborne environment
Photometric observations from an airborne platform like
SOFIA differ from ground-based observations. While
ground-based photometry suffers from systematic errors in-
duced by e.g. air mass or local weather changes, photomet-
ric observations with SOFIA also correlate with changes in
flight parameters such as Mach-number or air density.
We used the housekeeping data taken during our obser-
vation to parameterize the time dependence of our obser-
vational environment. Figure 2 shows time series of some
selected observational parameters, some of them unique to
the airborne environment. Many of these parameters are
mutually correlated. In order to overcome these degenera-
cies we performed a principal component analysis on all
available parameters to produce a set of linearly indepen-
dent time series to eventually decorrelate the raw light
curves (see Section 3.3.2).
3.3. Light-curve and noise modeling
In this section we present two methods that were used to fit
the resulting light curves. In the second case we also present
a method to correct for the aforementioned systematics in-
duced by the airborne environment.
3.3.1. TLCM applied to the raw lightcurves
The main features of the ‘Transit Light Curve Modeller
(TCLM)’ code are described in Csizmadia et al. (2011,
2015). Therefore we repeat only the most important pieces
of information about TLCM here. The TLCM uses the
formalism of Mandel & Agol (2002), which is based on
spherical star and planet shapes, to fit the light curves. To
optimize the fit, first a genetic algorithm-based Harmony
4
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Fig. 2. Sample time series of some observational parameters. While parameters like the plane heading or pitch should not influence
the photometry, they illustrate the mobile airborne environment. The beginning of ingress and end of egress are marked in blue
and red vertical lines.
Search (Geem et al. 2001) was performed, then Amoeba re-
fined the fit (Press et al. 1992). Finally we used Simulated
Annealing (SA) (Press et al. (1992) and references therein)
for error estimation as well as to better monitor the possi-
ble parameter correlations. The SA chain consisted of 105
steps. The SA process is quite similar to the Markov Chain
Monte Carlo (MCMC). However, in SA the control param-
eter (the so-called ‘temperature’ of the Metropolis-Hastings
procedure of MCMC) is continuously and slowly decreased.
When this ‘temperature’ is very small, then SA will be sim-
ilar to a simple random walk, and when it is large then it
is equivalent to MCMC. We decreased this temperature by
1% after every 2000 steps starting from such a value that
in this way we reached that the overall acceptance rate was
around 30%.
The host star, GJ1214, is a chromospherically active
M-dwarf (Nascimbeni et al. 2015). Thus spot activity may
affect the light curve fit in several different ways. The fol-
lowing effects seem to be important:
a) The rotational modulation of the stars caused by spots
and stellar rotation yields a long-term oscillation of
the light curve that has a much longer time-scale
(days/weeks) than the length of the transit or our ob-
servational window. This effect was removed with a
parabolic baseline fit.
b) Spot-crossing during the transit (see e.g. Sanchis-Ojeda
& Winn 2011; Silva-Valio & Lanza 2011) severely af-
fected other observations of GJ 1214bs transit (e.g. Bean
et al. 2011). However, there is no clear sign of spot-
crossing at our epoch of observation or it is lost in the
noise.
c) Spots that do not cross and/or are polar spots will
cause changes in the observable limb darkening coeffi-
cients (Csizmadia et al. 2013b). In addition, the the-
oretically predicted limb darkening coefficients, espe-
cially the recent tables, have not been observationally
verified. That is why, following the recommendation of
Csizmadia et al. (2013b) and Espinoza & Jorda´n (2015),
we adjusted the limb darkening coefficients.
The long-term behavior of the stellar variability and the
estimated effect of the stellar spots on the systematic and
random errors in the derived planet-to-stellar radius ratios
which were not removed by the baseline-fit are discussed
separately in Section 3.4.
The TLCM-based light curve modeling was carried out
by fixing the scaled semi-major axis at a/Rs = 14.97 and
the impact parameter at b=0.277026. These values were
chosen to match the values used by other investigators (e.g.
Ca´ceres et al. 2014; De´sert et al. 2011; Croll et al. 2011;
Bean et al. 2011; de Mooij et al. 2012; Murgas et al. 2012;
Narita et al. 2013b,a; Fraine et al. 2013; Teske et al. 2013)
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so that our results are more readily comparable to those
works.
We also note that the eccentricity of GJ 1214b is not
well constrained (e.g. Charbonneau et al. (2009) gives only
an upper limit for eccentricity of e < 0.27). The impact
of eccentricity on the light curve fit is not investigated by
other authors, who all assume a circular orbit. However,
eccentricity has an effect on the speed of the planet dur-
ing transit and thus on a/Rs. Therefore the stellar density
measured from the transit duration is somewhat approxi-
mate. Consequently, the stellar parameters should also be
considered approximate until the eccentricity has been es-
tablished. Since we have only one photometric transit mea-
surement and no additional radial velocity follow-up data,
we are also not in the position to further constrain the ec-
centricity. Therefore, we decided to use a circular orbit for
the fit as other authors do because the analysis can be
repeated later if a significant eccentricity is found. We urge
the community to collect more radial velocity data points
to finally close the eccentricity issue of GJ 1214b.
Notice that the Mandel & Agol (2002) formalism calcu-
lates the planet-star mutual distance projected to the sky
as
δ = a/Rs(cosΩt+ sinΩt sin i), Ω = 2pi
t− E
P
(1)
where P is the orbital period, E is the epoch, t is the
time and i is the inclination. The equation above is valid for
circular orbits. This can be easily generalized to eccentric
orbits (e.g. Russell (1912); Gime´nez (2006)):
δ = a/Rs
1− e2
1 + e cos v
√
1− sin2 i sin(v + ω) (2)
where e is the eccentricity, ω is the argument of perias-
tron, v is the true anomaly calculated from the solution of
the Kepler-equation.
However, as we mentioned, the eccentricity is not well-
known for GJ 1214b and this may significantly affect the
end-result. Therefore we used the following equation in-
stead of the one recommended by Mandel & Agol (2002) to
describe the sky-projected star-planet distance (Csizmadia
et al. (2013a)):
δ = a/Rs ×
√
b2 + (t− E) · ((1 + k)2 − b2)/P (3)
The Csizmadia et al. (2013a) equation is based on the as-
sumption that the planet moves with constant projected
velocity during transit. We then interpolate the planet’s
motion linearly.This assumption is quite good even for high
eccentricities and close-in orbits where the the transit light
curve would become asymmetric due to the slowly changing
projected velocity. However, at the present level of photo-
metric accuracy the asymmetry should not be taken into
account (c.f. Moutou et al. 2009) who did not find this
asymmetry in the transit of HD 80606b whose eccentricity
is 0.93).
Our free parameters were: four planet-to-stellar radius
ratios (one for each of the four passbands we observed in),
the four corresponding u+ and u- limb darkening coefficient
combinations, and the four epochs of observations (again,
one for each passband). The limb darkening combinations
were defined as u+ = u1+u2 and u− = u1−u2 where u1 is
the linear and u2 is the quadratic term of the quadratic limb
darkening law. According to Brown et al. (2001) and Pa´l
(2008), such combinations are less sensitive to degeneracies
between the coefficients. We decided to leave these param-
eter combinations as free parameters, because no theoreti-
cal limb darkening calculations are available for the instru-
ments and passbands we used. In addition, the host star is a
convective, active M-dwarf and theoretical calculations do
not include the stellar spots so far nor the probable excit-
ing granulation pattern of small stars. We divided the data
by a parabola whose coefficients were fitted simultaneously
with the light curve parameters. This parabola served as
our baseline-corrections to remove any stellar activity sig-
nal or long time-scale instrumental/air mass effects.
A simultaneous fit to the different data sets would have
the advantage that the number of free parameters are de-
creased, because the wavelength-independent parameters
would be the same for every data set. However, the epoch
of observation is not necessarily the same in all colours
because of the distribution of data points or because the
planetary atmosphere is asymmetric. A planet with non-
spherical atmosphere may have different atmospheric den-
sity and thus atmospheric transparency causing slightly
asymmetric transit shape (e.g. if it loses its atmosphere). If
the number of data points are not symmetric to the mid-
point of the transit, e.g. there is an unfortunately placed
gap, then the timing error increases and the fitted mid-
point can be shifted (e.g. Csizmadia et al. 2010). Therefore
we fitted the four epochs but we found they are in good
agreement with each other (Table 2). In total, we had 28
free parameters for the four pass bands: four epochs, four
planet-to-stellar radius ratios, two times four limb darken-
ing coefficients combinations, and four times three coeffi-
cients of the parabola.
Using the following ephemeris1:
TransitN = HJD2454980.748795+ 1.58040482×N (4)
and transforming the observed transit times of Table 3
into HJDs, we found that we observed transit N=1098 and
the corresponding O −C value is +0.00007± 0.00053 days
(cf. Fig. 3), so it is in perfect agreement with the ephemeris.
The results of the fit are shown in tabular form in Table
3 and are visualized in Figure 5.
3.3.2. EXONEST combined with principal Component
Analysis
We also tested an alternative fitting and decorrelation
methodology analogous to the one used in the first SOFIA
exoplanet observation Angerhausen et al. (2015), where
they used TAP (Gazak et al. 2012) build on EXOFAST
(Eastman et al. 2013) in two steps combined with an inter-
mediate decorrelation of the (airborne) observational pa-
rameters (see e.g. Figure 2). Here we use the same approach,
but replaced TAP by a Bayesian nested sampling fit with
EXONEST.
EXONEST is a Bayesian inference tool aimed at char-
acterising exoplanets through Bayesian model selection,
and parameter estimation (Placek (2014); Placek et al.
(2014); Placek & Knuth (2015); Placek et al. (2015)).This
tool allows one to analyse an assortment of exoplanetary
data using a variety of inference engines such as Nested
1 http://var2.astro.cz/ETD
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Table 3. Results of the light curve modeling. The epochs are relative to JD 2456715.0.
HIPO FPI+ FLITECAM
HIPO-blue HIPO-blue, short HIPO-red
Photon noise limited
sensitivity [ppm/min] 1000 400 500 1000
ppm per exposure 1600 (25 sec) 650 (25 sec) 2500/2220 (2.5/3 sec) 1600 (25 sec)
P [days] 1.5804055929 (fixed)
a/Rs 14.9749 (fixed)
i [degree] 88.94 (fixed)
e 0 (fixed)
b 0.27702737 (fixed)
TLCM fitting with polynomial correction
k = Rp/Rs 0.1281 ± 0.003 0.1184 ± 0.0189 0.1156 ± 0.0023 0.1133 ± 0.0029 0.1203 ± 0.0046
u+ 0.541 ± 0.293 0.572 ± 0.19 0.747 ± 0.293 0.35 ± 0.30
u- 0.497 ± 0.81 -0.189 ± 0.35 0.143 ± 0.73 -0.71 ± 0.83
epoch 1.03419 ± 0.0005 1.03304 ± 0.0003 1.03313 ± 0.0003 1.0328 ± 0.0005
χ2 of the fit 1.2040
EXONEST fitting with principal component noise correction∗
k = Rp/Rs 0.1288 ± 0.0028 0.1225 ± 0.0017 0.1156 ± 0.0026 0.1107 ± 0.0011 0.1215 ± 0.005
u1 0.704 ± 0.292 0.677 ± 0.294 0.864 ± 0.228 0.253 ± 0.186
u2 0.011 ± 0.280 -0.170 ± 0.280 -0.481 ± 0.220 0.365 ± 0.254
χ2 of the fit 1.3245
Final k = Rp/Rs 0.1246 0.1156 0.1107 0.1215
1 σ (formal) ±0.0037 ±0.0026 ±0.0011 ±0.005
2 σ (incl. syst.) ±0.0074 ±0.0052 ±0.0022 ±0.01
1 σ (theo. noise limit) ±0.0017 ± 0.0012 ±0.0007 ±0.002
Notes. ∗EXONEST did not fit the epoch explicitly but instead the mean anomaly at epoch
-0.01
-0.005
 0
 0.005
 0.01
 0  500  1000  1500
O
-C
 (d
)
EPOCH (84 records)
this work
Fig. 3. O-C diagram of GJ 1214b. The red point marks our mea-
surement. Black points are taken from (Poddany´ et al. 2010) us-
ing all (professional and citizen science) data from the Exoplanet
Transit Database. For example the point at O-C=0.005 comes
from one of the TRESCA light curves. Our data is consistent
with other measurements finding no significant long-term vari-
ations in transit timing.
Sampling (Sivia & Skilling 2006), MultiNested Sampling
(Feroz et al. 2009, 2011, 2013), Metropolis-Hastings Markov
chain Monte Carlo (MCMC) Sampling (Metropolis et al.
1953), and Simulated Annealing (Otten & van Ginneken
1989). MultiNest was chosen in this specific analysis for its
efficiency in sampling from complicated parameter spaces.
Inputs to EXONEST consist of the prior probabilities for
each model parameter, which reflect ones knowledge about
the model parameters prior to having analysed the data,
and the likelihood function, which depends on the model
and the expected nature of the noise.
The four channels of photometric time series obtained
from SOFIA were simultaneously fit using the model of
Mandel & Agol (2002), which is parametrised by the planet-
to-star radius ratio, and quadratic limb-darkening coeffi-
cients for each channel, the scaled semi-major axis, a/R⋆,
and the impact parameter b = a
R⋆
cos i. The planet-to-star
radius ratio, quadratic limb-darkening coefficients, and the
impact parameter were each sampled from uniform prior
probability distributions over the ranges [0, 0.2], [0,1], and
[0,1], respectively. For more straightforward comparisons to
other methods, we again fixed the scaled semi-major axis
at a/Rs = 14.97, the impact parameter at b = 0.277026,
the orbital period to P = 1.5804055929 days, and the ec-
centricity to zero. Assuming the noise in each channel to
be Gaussian distributed, the likelihood function for each
channel, L, takes on the form:
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Fig. 4. Initial fits (transit model + quadratic) to the raw data (outliers removed) in black. The later applied principal component
noise model (grey) is overplotted to the residuals. Top left, blue: HIPO blue; top right, red: HIPO red; bottom left, green: FPI+;
bottom right, brown: FLITECAM.
L =
N∑
i=1
1√
2σ2i
exp
(
−
(Fi − di)
2
2σ2i
)
(5)
where N is the number of data points in the channel,
σi is the standard deviation of the i
th data point di, and
Fi is the corresponding model prediction. MultiNest works
to maximise the likelihood (or log-likelihood) function to
ultimately obtain the posterior distribution from which pa-
rameter estimates can be derived.
Prior to fitting, a 3-σ clipping was performed on the
raw data for outliers removal. Following the method in
Angerhausen et al. (2015) the transits were then modeled
in three steps. First, the raw light curves were fit with a
transit model and a 2nd-order polynomial to account for
airmass. The residuals to the initial fits were then mod-
eled with the first 16 principal components pi(t) in order
to decorrelate with the observational parameters, sampled
at the same time as our exposures, as a linear combina-
tion Rmodel(t) =
∑
ci × pi(t). Figure 4 displays the raw
data with the transit+quadratic fits, and the corresponding
residuals (again including the quadratic) with these prin-
cipal component fits. This noise model was computed in-
dependently from the iterative EXONEST analysis and no
marginalisation has been done over the instrument model
correlation terms. As also argued in Angerhausen et al.
(2015) we choose this approach because the lack of post
transit baseline causes convergence issues and a high risk
of running into degeneracies between the noise model and
the actual transit depth.
Finally, the best-fit principal component model for each
channel was subtracted from the raw data, and the (decor-
related) transits were fit again. The results of these simula-
tions are displayed in Table 3, and the corresponding prin-
cipal component analysis (PCA) noise models are shown in
grey in Figure 4. The estimated planet-to-star radius ra-
tios are in good agreement with the results from TLCM
in Section 3.3.1 except for the FLITECAM observations,
which differ by slightly more than two-sigma. We discuss
this discrepancy in Section 3.5 and take this as an argument
to report the 2 σ error as a reflection of the real systematic
noise in addition to the formal 1 σ error.
3.3.3. Correction of twilight effects on HIPO-blue light curve
In both reductions, the methods used to account for sys-
tematic noise (polynomial slope, linear combination of prin-
cipal components) failed to account for an upward trend
in the HIPO-blue post-transit observations. These obser-
vations were taken close to sunrise and affected the short-
est wavelength channel significantly towards the end of the
flight. This led to a transit depth several standard devia-
tions from previous measurements. To investigate whether
this post-transit slope was skewing the estimated transit
depth, a series of simulations were performed with an in-
creasing amount of post-transit data neglected. The results
of this process are displayed in the left-hand panel of Figure
7. For the PCA corrected data, after thirty points were
neglected from the post-transit observations, the derived
value for the transit depth began to plateau. The resulting
value associated with thirty post-transit points neglected
is Rp/Rs = 0.122537 for the PCA corrected data. For the
TLCM fits to the raw data the results did not plateau but
instead consistently decreased as more data points were ne-
glected to a final as low as Rp/Rs =0.11845. In a conser-
vative approach we therefore decided to report the whole
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Fig. 5. Left: Results of the TLCM fit to the raw data including a polynomial first order noise model. Right: Final EXONEST fits
to the data reduced using a principal component analysis noise model.
range of possible outcomes as our final values for HIPO blue
in both methods (see left panel of Figure 7 and Table 3)
and again with the 2 σ error to account for the systematic
contribution in addition to the formal 1 σ error.
3.4. Influence of host star activity
Star spots not crossed by the transiting planet cause the av-
erage brightness to be higher along the transit chord than
on the rest of the stellar hemisphere, which leads to an over-
estimation of the planet-star radius ratio (Csizmadia et al.
2013b; Czesla et al. 2009). This effect is wavelength de-
pendent due to the different temperatures and spectral en-
ergy distributions of spot and unspotted photosphere (Pont
et al. 2008; Sing et al. 2011). The host star GJ1214 was
photometrically monitored in the observing season 2014
with the robotic telescope STELLA and its imager WiFSIP
(Strassmeier et al. 2004). The observations continued the
WiFSIP monitoring program of 2012 and 2013 presented
in Nascimbeni et al. (2015). Details of the observations
and data reduction are presented in Mallonn et al. 2017,
in prep. The long-term photometry proved the host star to
be at maximum brightness at the time of the SOFIA tran-
sit observation. If maximum brightness was interpreted as
a spot-free visible hemisphere, no correction of the derived
transit parameters would be needed. However, the mon-
itoring only yields information on the relative change in
spot filling factor, but no information about the level of
spots permanently visible. Nascimbeni et al. (2015) esti-
mated the differential correction for a filling factor of 2%
between Bessel B and Bessel R to < 0.0001 in the planet-
star radius ratio k. If we conservatively assume a permanent
spot filling factor of 4% (which is on the order of the max-
imum change in the spot filling factor in the season 2014),
it results in a differential spot correction of 0.0002 in the
optical, which is an order of magnitude smaller than our
error bars for k. Since the value of the correction further
decreases towards the NIR, we conclude that a correction
for un-occulted spots is negligible in our case. We note that
the monitoring light curve of 2014 displays the largest am-
plitude and longest apparent periodicity ever observed for
the super-Earth host star GJ1214. We refer to Mallonn et
al. 2017, in prep. for an in-depth analysis of five years of
GJ1214 monitoring from 2012 to 2016.
3.5. Noise analysis
In Figure 6 we show the variance of the residuals as a func-
tion of bin size. This scheme is commonly used in the lit-
erature to assess the amount of correlated noise and as a
9
Angerhausen et al.: GJ 1214b photometry with SOFIA
1 10 100
10-7
10-6
10-5
10-4
10-3
10-2
HIPO Blue
R
es
id
ua
l R
M
S
V
HIPO Red
1 10 100
10-7
10-6
10-5
10-4
10-3
10-2
V
FPI+
1 10 100 1000
Number of points in bin
10-5
10-4
10-3
10-2
R
es
id
ua
l R
M
S
V
FLITECAM
1 10 100
Number of points in bin
10-7
10-6
10-5
10-4
10-3
10-2
+ Raw (-- theor.)
+ after PCA corr.
 transit durationV
Fig. 6. Plots of the residual rms versus bin size for each channel. The black marks represent the values for the raw light curves,
whereas the blue corresponds to the de-trended light curves after the best-fit principal component model was subtracted. Dashed
lines represent the theoretical values for pure white noise, red arrows mark the transit duration as reference.
0 10 20 30 40 50
0.10
0.11
0.12
0.13
0.14
HIPO Blue shortening test
number of rejected bins
R
p/R
s
egress
 HIPO b HIPO r FPI+ FLITECAM  
0.10
0.11
0.12
0.13
0.14
Radius comparison
Channel
R
p/R
s
raw TCLM
(2 sigma)
PCA corrected EXONEST
Fig. 7. Left: Estimates of the planet-to-star radius ratio for the the HIPO blue observations; from left to right, more data points
were neglected from the post-transit observations in steps of 5/10 points. The vertical red line indicates the end of egress, i.e.
neglecting more points would neglect in transit data. This indicates that the upward post-transit trend seen in Figure 4 and has
affected the measured transit depth. Right: Comparison of the results obtained with our two different fitting approaches.
visual test of the noise correction method. While the raw
data in both plots show strong deviation from the theo-
retical limit (dashed lines, σ2(l) = σ2(0)/l) for pure white
noise, they show that the PCA corrected data is much closer
to the expected line. The red lines in these figures mark the
length of the transit and are the frequencies that eventually
bias the results most. This improvement shows that a large
amount of the time-correlated components in the time se-
ries of residuals were removed after the correction via PCA
and could explain the discrepancy with the TLCM fitted
results. However, Cubillos et al. (2017) report a number
of caveats for using variance plots as measure for residual
correlated noise, as well as for other frameworks dealing
with systematic noise such as the residual-permutation or
wavelet-likehood methods.
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In an alternative hands-on test to explore how close
we approach the photon noise limit we simulated a data
set with white noise added according to the values derived
from the raw data. As shown in Table 3 we obtain sensitiv-
ities of 500 ppm/min for FPI+, 400 ppm/min for HIPO-
Red, 1000 ppm/min for HIPO blue and 1000 ppm/min for
FLITECAM using the gain values provided by the instru-
ment teams. After running the same reduction and fitting
procedure with the theoretical data, we obtain a factor of
2.2/2.2 for HIPO (blue/red) and 1.6 for FPI and 2.5 for
FLITECAM smaller error bar for the derived transit depth
compared to the formal 1-σ error of the real data fits for
the transit depth. This is consistent with the findings in
Angerhausen et al. (2015), where they reached ∼ 2 times
the photon noise. We decided to additionally report the 2
σ error with our final result to account for any residual
systematic.
4. Transmission Spectra Modelling
For the calculation of the theoretical transmission spectra
we follow the methods described in Gaidos et al. (2017).
We adopt selected scenarios from Kreidberg et al. (2014),
namely a water-rich case with 99% H2O and 1% H2 & He,
as well as a hydrogen-dominated atmosphere composed of
99% H2 & He and 1% water. The water opacity is calculated
with the HELIOS-k (Grimm & Heng 2015), employing the
HITEMP2010 line list (Rothman et al. 2010). Collision in-
duced absorption from HITRAN2010 is used for H2-H2 and
H2-He collisions. The molecular scattering cross sections are
derived via the Rayleigh scattering equation
σrayleigh =
24pi3ν4
n2ref
×
(
n(ν)2 − 1
n(ν)2 + 2
)2
×K(ν) , (6)
where ν is the wavenumber, n the refractive index, nref a
reference particle number density, and K the King factor.
The corresponding data for H2 is taken from Cox (2000),
for H2O from Wagner & Kretzschmar (2008) and Murphy
(1977), and from Sneep & Ubachs (2005) in case of He. For
the scenarios that include high-altitude hazes, we assume
that the haze particles are composed of small hydrocarbon
clusters (Kreidberg et al. 2014). The optical constants of
these tholins are taken from Khare et al. (1984). The cloud
pressure is 0.001 mbar for the hydrogen-dominated case
and 0.002 mbar for the water-dominated scenario, respec-
tively. Figure 8 shows the resulting transmission spectra for
the described scenarios with data from the literature and
the radius ratios at different wavelengths obtained by the
SOFIA measurements.
The results clearly suggest that the spread of the obtained
photometric data points by SOFIA is larger than the spread
in the theoretical transmission spectra. Especially, the very
large planetary radius obtained with HIPO blue seems to
suggest the presence of a Rayleigh slope which contradict
the apparent flatness of the planet’s spectrum reported by
other studies (e.g. Kreidberg et al. 2014). While within the
2σ error bars, most photometric points correspond roughly
to the simulated spectra. The photometric precision of our
SOFIA measurements are unfortunately not good enough
to put better constraints on the atmospheric composition
than previous studies with similar sensitivities.
5. Conclusions
5.1. Summary and Results
We used FLIPO and FPI+ on board of SOFIA to simul-
taneously observe a transit of the Super-Earth GJ 1214b
in three optical (openblue = 0.3− 0.6µm, i′ = 0.8µm, and
z′ = 0.9µm) and one never before covered infrared chan-
nel (Paschen-α cont. 1.9µm) and present the light curves
and corresponding transit depths in these bands. We com-
pare to previous observations and state-of-the-art synthetic
models of its atmosphere. Unfortunately our results are not
sensitive enough to constrain the models any better than
previous observations already did. As discussed in Section
3 and 3.3 some of our channels are dominated by residual
systematic noise. However, the results can become useful in
combination with prior and future observations for future
retrievals. We found that the PCA is a powerful tool to re-
duce the correlated noise in SOFIA data and recommend
its usage for future data analysis. In our present case of
GJ 1214b PCA was able to reduce the noise level by two
orders of magnitude and finally we reached a noise level
of two times of the photon noise. The data also presents a
second reference for exoplanet transmission spectrophotom-
etry with SOFIA and the first in all four available channels.
In Fig. 8 we show the theoretical limits for our observation
(green bars). With further improvements to our calibration
strategy and a better understanding of our instruments we
are confident that we can get closer to these limits and
make SOFIA more competitive in this field. We summarise
SOFIA prospects in the last section.
5.2. Exoplanets with SOFIA
In this paper we presented the first exoplanet transit obser-
vation with SOFIA that leveraged all four possible channels
for simultaneous spectrophotometry. While two of the opti-
cal instruments produced good results, the IR channel did
not reach the expected sensitivity. Our measurements suf-
fered from insufficient calibration files for the FLITECAM
channel. The challenge is that SOFIA does not have a suf-
ficiently bright flat field source for use with such a nar-
row band filter as the 1.9 µm Paschen-α continuum filter.
Another lesson learned from this flight is to avoid only short
baselines before or after transit at all costs. As the prob-
lems with the HIPO blue channel here shows, it is crucial to
have at least 30-60 minute baseline before and after the oc-
cultation to be able to trace systematic changes and correct
for instrumental or other observational effects. For future
observations we therefore recommend a more careful cali-
bration scheme in particular for obtaining flat fields and if
possible a flight plan that allows for more time before and
after the transit.
However, even in the current configuration and with all
these constrains there are certain niches that we were able
to identify with this and the previous Angerhausen et al.
(2015) SOFIA exoplanet observation.
In summary this phase space is:
– bright host stars (like HD 189733b) - for which
Angerhausen et al. (2015) demonstrated the ability to
perform absolute optical photometry
– short transit durations,
– science cases that leverage SOFIA’s unique capability to
observe IR/OPTICAL simultaneously - which comple-
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Fig. 8. Model transmission spectra of GJ 1214b, previous measurements (grey) and this work (black, blue).
Observations: Bean et al. (2010, 2011); Croll et al. (2011); Crossfield et al. (2011); De´sert et al. (2011); Berta et al. (2012); de
Mooij et al. (2012); Colo´n & Gaidos (2013); de Mooij et al. (2013); Fraine et al. (2013); Ca´ceres et al. (2014); Kreidberg et al.
(2014); Wilson et al. (2014); Nascimbeni et al. (2015) and Rackham et al. (2017).
ments James Webb Space Telescope (JWST) coverage
and/or can be used for JWST target selection and sup-
port
– and transits that are rare/time-critical and require a
deployment
With the upcoming TESS (Transiting Exoplanet Survey
Satellite) (Sullivan et al. 2015) and PLATO (PLAnetary
Transits and Oscillations of stars) (Rauer et al. 2014) mis-
sions we will see a lot more transiting exoplanets that
fall into these categories. Furthermore it is possible to up-
date SOFIA’s instrumentation with a modernised VIS/NIR
precision photometer similar to the previously proposed
NIMBUS concept (McElwain et al. 2012). This accompa-
nied by a reliable and robust water vapor monitoring sys-
tem, could make important SOFIA-unique contributions to
exoplanet science.
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